Fracture and crack growth in orthotropic laminates by Goree, James G. & Kaw, Autar K.
P 
https://ntrs.nasa.gov/search.jsp?R=19870018610 2020-03-20T10:09:31+00:00Z
FINAL REPORT NASA GRANT NSG-1297 
FRACTURE A N D  CRACK GROWTH 
I?! ORTHOTROPIC LAMI::ATES 
December 1 ,  1985 
P r i  nc i p a l  Invest  i g a t  o r  
James G. Goree 
Professor  of Mechanics and 
Mechanical Engineering 
Graduate Assistant 
Autar  K .  Kaw 
Ph.D. Candidate i n  Engineering Mechanics 
Department of Mechanical Engineering 
College of Engineering 
Clemson University 
Clemson, South Carolina 29634 
ABSTRACT 
A mathematical model based  on the c l a s s i c a l  shea r - l ag  assumptions is 
used t o  s tudy  t h e  r e s i d u a l  s t r e n g t h  and f r a c t u r e  behavior  of composite 
l amina te s  w i t h  symmetr ical ly  placed b u f f e r - s t r i p s .  The l amina te  is loaded by 
a uniform remote long i tud ina l  t e n s i l e  s t r a i n  and has i n i t i a l  damage i n  t h e  
form of a t r a n s v e r s e  crack i n  t h e  pa ren t  laminate  between bu f fe r - s t r ip s .  
crack growth behavior  as a func t ion  of ma te r i a l  p r o p e r t i e s ,  number of 
b u f f e r - s t r i p  p l i e s ,  spacing,  wid th  of bu f fe r - s t r ip s ,  l o n g i t u d i n a l  matrix 
s p l i t t i n g ,  and debonding a t  t he  i n t e r f a c e  is s t u d i e d .  
The 
B u f f e r - s t r i p  lamina tes  a r e  shown t o  a r r e s t  f r a c t u r e  and i n c r e a s e  the  
r e s i d u a l  s t r e n g t h s  s i g n i f i c a n t l y  over those o f  one material lamina tes ,  w i t h  
S-g lass  be ing  a more e f f e c t i v e  bu f fe r  strip material than  Kevlar i n  
inc reas ing  the damage to l e rance  of Graphitelepoxy panels .  For a t y p i c a l  
Graphite/epoxy lamina te  with S-glass  b u f f e r - s t r i p s ,  the  r e s i d u a l  s t r e n g t h  is 
about 2.4 times the  r e s i d u a l  s t r e n g t h  of  an a l l  Graphite/epoxy panel  w i t h  t he  
same crack l eng th .  Approximately, 50% of  t h i s  i n c r e a s e  is due t o  t h e  
S-glass/epoxy b u f f e r - s t r i p s ,  40% due t o  long i tud ina l  s p l i t t i n g  o f  t h e  bu f fe r  
s t r i p  i n t e r f a c e  and 10% due t o  debonding. The optimum a s p e c t  r a t i o  of 
spacing-to-width of b u f f e r - s t r i p s  is shown t o  be  about  fou r  t o  one. 
P red ic t ed  remote f a i l u r e  strains a r e  found t o  agree reasonably w e l l  with 
independent ly  publ i shed  experimental  r e su l t s .  
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Over t h e  years engineers  have faced  the cha l l enge  of des igning  advanced 
composite components t o  meet both s t r u c t u r a l  and damage t o l e r a n t  requirements .  
The use  of b u f f e r - s t r i p ,  h y b r i d  composites has been c lear ly  demonstrated 
C1-51 t o  be  a s t e p  forward i n  t h a t  d i r ec t ion .  
l amina te  is shown i n  F igure  1 ,  and is cons t ruc ted  by i n s e r t i n g  a t  spec i f ic  
A t y p i c a l  b u f f e r - s t r i p  
i n t e r v a l s ,  narrow p a r a l l e l  composite s t r i p s  of a p p r c p r i a t e  phys i ca l  and 
geometr ica l  p r o p e r t i e s .  Buf fe r - s t r ip s  have been shown t o  arrest f r a c t u r e  and 
g ive  extra  load  ca r ry ing  capac i ty  t o  a damaged laminate .  The s t i f f n e s s ,  
weight,  and s t r e n g t h  of t h e  undamaged laminate are no t  s i g n i f i c a n t l y  affected 
by t h i s  replacement ,  bu t  i n  a damaged laminate t h e  r e s i d u a l  s t r e n g t h  can be 
cons iderably  increased.  
Previous  work [6-Jdl a t  Clemson Universi ty  has concerned the  development 
of s imple  mathematical  models which contain the important phys ica l  and 
geometr ica l  p r o p e r t i e s  of t he  composite and a c c u r a t e l y  r e p r e s e n t  t h e  
fundamental  f r a c t u r e  behavior of a laminate.  The first such model f o r  a 
bu f fe r  s t r i p  lamina te  was developed by Goree and Dharani C91. 
t o  be  able  t o  estimate the  u l t i m a t e  s t r a i n  r e q u i r e d  t o  f a i l  t h e  h y b r i d  
u n i d i r e c t i o n a l  lamina te  shown i n  Figure 2, as well as t o  assist i n  
understanding the  crack growth c h a r a c t e r i s t i c s .  The same model was extended 
i n  [ l o ]  t o  inc lude  long i tud ina l  mat r ix  s p l i t t i n g  a t  t h e  i n t e r f a c e  of t h e  
bu f fe r  s t r i p  and t h e  main panel.  
The i n t e n t  was 
Poe and Kennedy [5 ]  conducted experiments t o  re la te  t h e  s t r e n g t h  of 
damaged pane l s  t o  t h e  buf fer  s t r i p  mater ia l  and t h e  layup of t h e  basic 
l m i n a t e .  Graph i tdepoxy ,  which has proven i ts  potentia:  t o  reduce the  
weight and c o s t  of aircraft  s t r u c t u r e s ,  was the p a r e n t  lamina te  used i n  the 
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above experimental  i nves t iga t ion .  Each panel was notched a t  t h e  c e n t e r  
between b u f f e r - s t r i p s  t o  r ep resen t  i n i t i a l  damage. The pane l s  were p laced  
under t e n s i o n  and measurements of crack opening displacement ,  s t r a i n s ,  and 
f r a c t u r e  behavior  were taken. 
[45/0/-45/9012s and [45/0/-45/012s,  a long with three d i f f e r e n t  b u f f e r - s t r i p  
materials - S-glass/epoxy, Kevlar/epoxy and Mylar/epoxy; b u f f e r - s t r i p  wid th  
and spac ing  were a l s o  var ied.  
degree Graphite/epoxy p l i e s  by ze ro  degree b u f f e r  material on a one-for-one 
o r  two-for-one replacement. 
compare t h e  p red ic t ed  behavior w i t h  t h a t  observed i n  [SI .  
Two d i f f e r e n t  lamina tes  were used, 
Buffer -s t r ips  were made by r e p l a c i n g  only  z e r o  
A major emphasis of t h i s  r e p o r t  w i l l  be t o  
I n  o r d e r  t o  understand the  development of the a n a l y s i s  developed during 
t h i s  s tudy ,  i t  is important t o  po in t  ou t  the assumptions and t h e  s i g n i f i c a n t  
f e a t u r e s  of the model. 
con ta in ing  only  u n i d i r e c t i o n a l  f i b e r s  a s  de t a i l ed  i n  [ lo] .  
l amina te  c o n t a i n s  angle  p l i e s  as wel l  as zero degree p l i e s ,  and these a r e  
accounted f o r  by having cons t r a in ing  shear  f o r c e s  a c t i n g  on t h e  l a t e r a l  
s u r f a c e  of the z e r o  degree lamina. The fibers are assumed t o  be l i n e a r l y  
e l a s t i c  and t h e  matr ix  e l a s t i c - p e r f e c t l y  p l a s t i c .  
t o  be  of much h igher  s t r e n g t h  and ex tens iona l  s t i f f n e s s  than  t h e  matr ix  and 
a l l  t h e  a x i a l  load  is assumed t o  be ca r r i ed  by the f ibers .  The matr ix  
t r a n s f e r s  t h e  load  by shear as given by the shea r - l ag  assumptions [ll-1$1. 
By v i r t u e  of  these assumptions the  t ransverse  and a x i a l  equi l ibr ium equat ions  
are uncoupled. Therefore  only the  equi l ibr ium equat ions  i n  t he  l o n g i t u d i n a l  
d i r e c t i o n  need be considered. Boundary condi t ions of a s t r e s s - f r e e  crack, 
uniform l o n g i t u d i n a l  remote s t r a i n ,  and symmetry about t h e  c e n t e r - l i n e  are 
enforced a long  w i t h  t h e  e q u a l i t y  of shear  stresses on eacn of the  ad jacen t  
r e g i o n s  a t  t h e i r  r e spec t ive  i n t e r f a c e s .  
The lamina te  i s  modeled as a two-dimensional r eg ion  
A t y p i c a l  
The f i b e r s  are considered 
T h i s  r e s u l t s  i n  a set of coupled 
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i n t e g r a l  equat ions  w i t h  unknown displacement and stress f u n c t i o n  in t eg rands ,  
[6-101. 
A computer code, using Gauss and Laguerre quadra ture  r u l e s  was developed 
t o  s o l v e  f o r  these unknown func t ions ,  C6-103. 
parameters  of  t he  code are explained i n  the n e x t  s ec t ion .  
The inpu t  and output  
The o b j e c t i v e  of t h i s  r e p o r t  is not  t o  d i s c u s s  t he  formula t ion  of the  
problem and t h e  development of the  s o l u t i o n  technique ,  bu t  t o  present  i n  
de t a i l  t he  f r a c t u r e  growth c h a r a c t e r i s t i c s  and remote f a i l u r e  s t r a i n s  as a 
func t ion  of i n i t i a l  damage, b u f f e r - s t r i p  wid th  and spac ing ,  material 
p r o p e r t i e s ,  l o n g i t u d i n a l  matrix s p l i t t i n g ,  and debonding. These r e s u l t s  are 
compared w i t h  t he  experimental  results obtained by Poe and Kennedy C51. The 
reader is referred t o  [6-103 f o r  t h e  mathematical formula t ion  and s o l u t i o n  
techniques  used t o  so lve  the  r e l a t e d  problems. 
CHAPTER I1 
INPUT-OUTPUT PARAMETERS OF COMPUTER CODE 
A computer code was prepared f o r  the approximate shear-lag model using 
the  Clemson Unive r s i ty  IBM 3081 d i g i t a l  computer, wi th  the s o l u t i o n  f o r  a 
t y p i c a l  geometry t ak ing  about 28 minutes of computat ional  time. On so lv ing  
s e v e r a l  t es t  cases it was observed t h a t  the b u f f e r - s t r i p  material and 
l o n g i t u d i n a l  s p l i t t i n g  cont r ibu ted  by far the la rges t  amount of t he  i n c r e a s e  
i n  remote f a i l u r e  s t r a i n s  as compared t o  the in f luence  of  debonding. T h i s  
behavior  is d iscussed  i n  Chapter 111. Excluding debonding from t h e  s o l u t i o n  
f o r  the  combined case  of b u f f e r - s t r i p s  and s p l i t t i n g  decreased t h e  number of  
i n t e g r a l  equa t ions  by  almost one-half. Since the  computational time was 
p ropor t iona l  t o  t h e  square  of the number of i n t e g r a l  equat ions ,  t h i s  reduced 
the  computation time t o  about seven minutes. 
INPUT PARAMETERS (F igure  3):  
Half-width of main panel  i n  number of equ iva len t  f i be r s  ( N M )  
Width of b u f f e r - s t r i p  i n  number of equivalent  f i be r s  ( N B )  
Number of  broken f ibers  i n  main panel  (NBFI )  
Number of  broken f i b e r s  i n  bu f fe r - s t r ip  (NBFII )  
R a t i o  of s t i f f n e s s  of main panel to  b u f f e r  s t r i p  ( R )  
Normalized s p l i t  l eng th  a t  i n t e r f a c e  (a) 
The geometr ic  input  parameters (NM,NB,NBFI ,NBFII )  of the model are given 
i n  terms of number of equ iva len t  f iber  bundles, whereas the  experimental  data 
is given i n  dimensions of length .  To c o r r e l a t e  t he  two the  remote f a i l i n g  
s t r a i n  as a f u n c t i o n  of crack l eng th  f o r  an a l l -Graphi te lepoxy lamina te  [SI 
is compared t o  the Hedgepeth s o l u t i o n  where remote fa i lure  s t r a i n  is a 
f u n c t i o n  of the  number of  broken f ibers  fo r  a u n i d i r e c t i o n a l  lamina te  
(Table 1 ) .  T h a t  is, the  Hedgepeth so lu t ion  f o r  a notched u n i d i r e c t i o n a l  
7 





Figure 3. Input Parameters of t h e  Computer Code. 
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Hedgepeth S o l u t i o n  
Number of  F a i l i n g  
Broken S t r a i n  
F i b e r s  ( % I  





Table  1 .  Cor re l a t ion  of a n a l y t i c a l  and experimental  fa i lure  s t r a i n s  t o  
o b t a i n  equiva len t  f iber spacing.  
Experimental Resu l t s  
Crack F a i l i n g  
Length S t r a i n  
( mms)  (%)  






l amina te  w i t h  no s p l i t t i n g  o r  y i e l d i n g  i s  requi red  t o  match t h e  observed 
f a i l u r e  of an  a l l  Graphite/epoxy laminate .  
assumed t o  occur  when t h e  first unbroken equivalent  f i b e r  bundle breaks.  I n  
t h e  a c t u a l  lamina te  f a i l u r e  is an  abrupt  s e l f - s imi l a r  b r i t t l e  fracture as the 
presence of t h e  o f f - ax i s  p l i e s  s i g n i f i c a n t l y  reduces t h e  amount of  c r ack - t ip  
s p l i t t i n g  and debonding. The hybr id  buf fer  s t r i p  lamina tes ,  i n  comparison, 
have a l a r g e  amount of both l o n g i t u d i n a l  s p l i t t i n g  a t  t h e  material i n t e r f a c e  
as well as debonding between p l i e s .  
c o n s i s t e n t  way t o  re la te  t h e  un id i r ec t iona l  model w i t h  t h e  gene ra l  l amina te .  
F a i l u r e  of t h e  Hedgepeth model is 
T h i s  above procedure then  g i v e s  a 
Tkrr m r C k  tualrlleltia --tiea 1 model f o r  the bu f fe r - s t r ip  material with crack-tip dzcage 
and t h e  a c t u a l  b u f f e r - s t r i p  lamina te  are then compared us ing  t h i s  equ iva len t  
f i be r  spacing.  
lamina te ,  an equiva len t  f iber  bundle spacing of 2.6mms is requ i r ed  by the  
Hedgepeth model. For example, t he  t e s t  specimen i n  C51, represented  i n  
Table  1 had 13mms wide b u f f e r - s t r i p  placed 51mms apart. T h i s  is represented  
i n  t he  model by b u f f e r - s t r i p s  of f i v e  f iber -spac ings  wide w i t h  twenty 
f ibe r - spac ings  between t h e  s t r i p s .  Note that t he  a c t u a l  g r a p h i t e  f i b e r  
bundles  i n  a f i f t y  percent  volume f r a c t i o n  l amina te  are on the o rde r  of 
0.140mms apart. 
Using t h i s  method f o r  a [45/0/-45/0]2s Graphite/epoxy 
Requiring t h a t  the  Hedgepeth model p r e d i c t  t h e  behavior  of 
9 
the  above lamina te  groups about 20 g raph i t e  f i be r  bundles i n t o  one equ iva len t  
f iber .  
The r a t i o  of the  s t i f f n e s s  of t he  main pane l  t o  t h a t  o f  t he  b u f f e r - s t r i p  
is denoted by R and is defined as 
R =  
i 
where EF = Young's modulus of  t h e  f i b e r  i n  p lane  i ,  
i = I ,  11. 
Note t h a t  t he  above r a t i o  i s  obtained by assuming equa l  area of f i b e r s ,  
equa l  volume f r a c t i o n ,  uniform lamina te  th ickness  and ma t r ix  composition 
throughout  t h e  composite. To account f o r  the  two-for-one replacement ,  where 
there are twice as many p l i e s  of the  buffer  material as the  pa ren t  lamina te ,  
the  Young's modulus and the  u l t i m a t e  f a i l i n g  stress of t h e  bu f fe r  s t r i p  is 
taken  t o  be double t ha t  of a s i n g l e  bu f fe r  s t r i p .  Th i s  assumption does no t  
a f f e c t  t he  u l t i m a t e  f a i l i n g  s t r a i n  of t h e  buf fer  s t r i p .  
The normalized s p l i t  l eng th  ( a )  i s  r e l a t e d  t o  the a c t u a l  s p l i t  l e n g t h  
'II' ( F i g u r e  3)  by 
where $/h = equiva len t  shear s t i f f n e s s  modulus (N/m3), 
t = th ickness  of  one u n i d i r e c t i o n a l  p ly  ( m ) ,  
EF = Young's modulus of t h e  f i b e r  ( N / m 2 ) ,  and 
AF = Cross-sect ional  area of one f ibe r  ( m 2 > .  
All t he  above p r o p e r t i e s  are f o r  the parent  laminate .  The only mknown 
f a c t o r  is (GM/h)  which, as explained i n  C61, is t o  be determined 
10 
exper imenta l ly .  (GM/h)  accounts  f o r  t h e  i n t e r a c t i o n  between f ibe r s  C6,12,133. 
'GM'  and 'h '  are t y p i c a l l y  n o t  t h e  matr ix  shear modulus and f i b e r  bundle 
c e n t e r - l i n e  spac ings .  
only on f i b e r  and matr ix  p r o p e r t i e s ,  f i be r  volume f r a c t i o n ,  o r i e n t a t i o n  of 
p l i e s ,  and n o t  on the  s i z e  of t he  damage region. Typica l  va lues  of (GM/h) 
found f o r  Graphite/epoxy i n  C141 can be used t o  p r e d i c t  t he  o r d e r  of 
magnitude of 'a' f o r  t y p i c a l  s p l i t  l engths .  For example, from C141, 
They a re  assumed t o  b e  material c o n s t a n t s  and depend 
GM/h = 7 . 3 4 7 ~ 1 0 ~ ~  N/m3, 
t = 0.140 mms, 
E = 285000 MPA, and 
A = 1 . 5 0 ~ 1 0 - ~  m2. 
Eqi a t i o n  ( 2 )  t hen  g ives  
a = 1.6 f o r  R=6 mms. 
Note t h a t  AF is the  c ross - sec t iona l  area of one f ibe r  i n  t h e  a c t u a l  
l amina te  as 'GM/h' va lue  is based on t h e  ac tua l  l amina te  geometric and 
material p r o p e r t i e s .  
OUTPUT PARAMETERS 
Maximum stress concent ra t ion  i n  plane I (KI! 
Maximum stress concen t r a t ion  i n  plane I1 ( K I I )  
Maximum stress concent ra t ion  i n  plane I11 (KIII) 





Ew - - ult , where 
i 
%lt = u l t i m a t e  f a i l u r e  s t ra in  of  t h e  f i b e r  i n  p lane  i, and 
K i  = maximum stress concent ra t ion  i n  plane i. 
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The s t a b i l i t y  of crack growth i n  a p a r t i c u l a r  lamina te  depends on t h e  
remote s t r a i n  r equ i r ed  t o  break f ibers  a t  t h e  c r ack - t ip  as well as the  remote 
s t r a i n  r e q u i r e d  t o  f a i l  t he  laminate  c a t a s t r o p h i c a l l y .  Th i s  concept w i l l  be  
exempl i f ied  i n  the  fol lowing sec t ions .  For t he  d i s c u s s i o n  of t h e  r e s u l t s ,  
the  remote f a i l u r e  s t r a i n s  (E=) is normalized wi th  r e s p e c t  t o  the  u l t i m a t e  
f a i l u r e  s t r a i n  of  an unnotched a l l  Graphite/epoxy laminate .  
CHAPTER I11 
RESULTS 
The fo l lowing  d i scuss ion  is divided in to  f o u r  par ts  wi th  the in f luence  
of  b u f f e r - s t r i p s  without  i n t e r f a c e  s p l i t t i n g  and debonding presented  first. 
Next, t h e  effects  of l o n g i t u d i n a l  s p l i t t i n g  is added t o  t he  b u f f e r - s t r i p  
r e s u l t s ,  and f i n a l l y  debonding is considered. A detailed comparison is then  
made between the  p r e s e n t  a n a l y s i s  and the  experimental  r e s u l t s  of Poe and 
Kennedy C51. 
BUFFER-STRIP LAMINATES WITH NO L O N G I T U D I N A L  MATRIX SPLITTING:  
Goree and Dharani d i scussed  the  r e s u l t s  f o r  t he  above case  i n  [ 9 ]  f o r  a 
30 f ibe r  spac ing  between bu f fe r - s t r ip s .  As mentioned ear l ie r ,  20 f iber  
spac ings  between b u f f e r - s t r i p s  and 5 f i b e r  spac ing  wide b u f f e r - s t r i p s  is 
equ iva len t  t o  the  panels  discussed i n  [SI. 
i n i t i a l  c rack  growth i n  plane I ,  crack arrest a t  t he  i n t e r f a c e ,  crack growth 
i n  t h e  b u f f e r - s t r i p  and subsequent f a i l u r e  of  the laminate  ( 9 ) .  
Graphite/epoxy pane l s  wi th  S-glass/epoxy and Kevlar/epoxy b u f f e r - s t r i p s  are 
considered.  The s o l i d  l i n e  is t h e  normalized remote f a i l u r e  s t r a i n  r equ i r ed  
t o  b reak  the  f irst  f iber  i n  f rmt  of t he  notch ( f i b e r  A )  w h i l e  t h e  do t t ed  
l i n e  is t h e  normalized remote s t r a i n  required t o  break the f i rs t  f ibe r  i n  
p l ane  I11 ( f i b e r  E). Resul t s  f o r  an  a l l  Graphite/epoxy l amina te  are a l s o  
given. The crack grows by breaking consecutive f ibers  from the c rack - t ip  t o  
t he  i n t e r f a c e .  On reaching t h e  i n t e r f a c e  the  crack is arrested, as a l a r g e r  
remote s t r a i n  is requ i r ed  t o  cont inue  growth beyond t h e  i n t e r f a c e .  
crack grows i n t o  the  b u f f e r - s t r i p  t he  s t r a i n  r equ i r ed  t o  break the crack-tip 
f iber  con t inues  t o  increase ,  that  is, t h e  crack growth is stable.  On t h e  
o t h e r  hand, t h e  s t r a i n  requi red  t o  break the first f ibe r  i n  p lane  111 
Figure  4 shows r e s u l t s  f o r  an 
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decreases as the crack grows. When these two curves c r o s s  each o t h e r  the 
lamina te  f a i l s  c a t a s t r o p h i c a l l y .  
The remote f a i l u r e  s t r a i n s  f o r  S-glasdepoxy and Kevlar/epoxy buf fe r -  
s t r i p  l amina te s  are 0.424 and 0.264 times the u l t i m a t e  f a i l u r e  s t r a i n  of  the 
unnotched a l l  Graphite/epoxy laminate ,  r e spec t ive ly .  
I n  t h e  case of S-glass/epoxy, a l l  f i b e r s  i n  t h e  b u f f e r - s t r i p  do not  
break be fo re  f a i l u r e  of t h e  first f i b e r  i n  plane 111, t h a t  is, the  crack 
jumps t h e  b u f f e r - s t r i p .  On t h e  cont ra ry ,  a l l  the  f ibe r s  break i n  the 
Kevlar/epoxy b u f f e r - s t r i p  before  t he  f irst  f ibe r  i n  p lane  I11 fa i l s .  
t h e  r e s u l t  of a lower u l t ima te  s t r a i n  of Kevlar (1.60%) as compared t o  tha t  
of S-g lass  (2.80%). 
Th i s  is 
Figure  5 demonstrates t h e  e f f e c t  of b u f f e r - s t r i p  width on crack growth 
f o r  a f i x e d  spac ing  of 20 equ iva len t  fibers between b u f f e r - s t r i p s .  
u l t i m a t e  f a i l u r e  s t r a i n  is p l o t t e d  as a funct ion of b u f f e r - s t r i p  wid th  f o r  
S-glass/epoxy. Similar t o  f i g u r e  3, t h e  d o t t e d  l i n e  is t h e  normalized remote 
s t r a i n  r e q u i r e d  t o  b reak  t h e  first f i b e r  i n  p lane  I11 ( f i b e r  B) and t h e  s o l i d  
l i n e  is the normalized remote fa i lure  strain r equ i r ed  t o  break the  f i r s t  
f i b e r  i n  f r o n t  of  t h e  notch ( f ibe r  A ) .  
The 
Figure  6 g ives  t h e  optimum buf fe r - s t r ip  w i d t h  f o r  S-glass/epoxy and 
Kevlar/epoxy f o r  a twenty f iber-spacing wide panel .  The width is about 3-5 
"fibers" f o r  S-g lasdepoxy and 3 "fibers" fo r  Kevlarlepoxy. S imi la r  r e s u l t s  
i n  [91 showed t h a t  the  optimum aspec t  r a t i o  f o r  S-glass/epoxy should be f o u r  
t o  one. 
F igure  7 shows t h e  remote f a i l u r e  s t r a i n s  f o r  a two-for-one b u f f e r - s t r i p  
replacement  as  a func t ion  of crack l eng th ,  o ther  parameters  remaining t h e  
same as i n  F i g u r e  4. The crack growth i n  a l l  of these lamina tes  is no longer  
1.0 
0.8 




Cult= ultimate failure strain of an all graphite/ 
epoxy unnotched laminate 
I \  \ 
- FIBER A 
0.2 c -  ---- FIBER B 
WB = WIDTH OF S-GLASS/EPOXY BUFFER-STRIP IN 
NUMBER OF FIBER SPACINGS 
I I l l 1  - -I 
0 2 4 6 8 10 
DISTANCE FROM INTERFACE (NO. OF FIBERS) 
Figure 5 .  Normalized Remote Strain for Crack Growth as a Function of 





























































0.2 - cult= ultimate failure strain of an all graphite/epoxy 
unnotched laminate 
I I I I I I I 
0 1 2 3 4 5 6 
DISTANCE FROM INTERFACE (NO. OF FIBERS) 
Figure 7. Normalized Remote Strain for Crack Growth as a Function of 







s table  once it c rosses  t h e  in t e r f ace .  The remote f a i l u r e  s t r a i n s  however, 
W . 3 J U  
0.570 
0.372 
i n c r e a s e  cons iderably  over the  one-for-one replacement as shown i n  T a b l e  2. 
S- gl ass /  epoxy 
Kevl ar  / epoxy 
Table  2. Effect of b u f f e r - s t r i p  replacement t h i c k n e s s  on normalized f a i l u r e  
s t r a i n s .  
S t r i p  
Normalized Remote F a i l u r e  S t r a i n  
One-for-one I Two-for-one 
replacement I replacement 
I 
BUFFER-STRIP LAMINATES WITH L O N G I T U D I N A L  MATRIX SPLITTING: 
Similar t o  F igure  4 ,  Table 3 g ives  t he  normalized remote f a i l u r e  s t r a i n  
as a f u n c t i o n  of crack l eng th  f o r  a t y p i c a l  normalized s p l i t  l eng th  of 1.6 a t  
t he  i n t e r f a c e .  The geometr ical  and phys ica l  parameters  are t h e  same as f o r  
F igu re  4. The crack growth is arrested more e f f e c t i v e l y  as compared t o  the  
n o - s p l i t  case. The crack jumps the  S-glass/epoxy b u f f e r - s t r i p  f u l l y  and an 
u n s t a b l e  growth fol lows.  For the case  of Kevlar/epoxy, the crack does no t  
jump the  b u f f e r - s t r i p  but  has an uns tab le  crack growth once it breaks t h e  
c rack - t ip  f i b e r .  I n  t h e  experimental  i n v e s t i g a t i o n  of 151 the  same 
obse rva t ions  were made, where S-glass  b u f f e r - s t r i p s  delaminated and pul led  
o u t  from t h e  Graphite/epoxy f o r  most of t he  panel l eng th ,  whereas t h e  
I 
Kevlar b u f f e r - s t r i p s  were broken o f f  a t  the f r a c t u r e  l i n e .  
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Table 3. Normalized remote f a i l u r e  s t r a i n  as a func t ion  of crack l eng th .  
C r a c k - t i p  f i be r  F i r s t  f i b e r  i n  Plane I11 
0.609 0.571 
0.595 0.556 
0.184 n, 600 
[No. of broken f ibers  I Normalized remote s t r a i n  required t o  f a i l  I 












I I I 1 
Tab le  4 shows t h e  effects  of  t h e  S-glass/epoxy b u f f e r - s t r i p  w i d t h  on t h e  
remote f a i l u r e  s t r a i n s  of  t he  laminate .  The s p l i t  l e n g t h  is k e p t  cons t an t  
f o r  a l l  cases. I n  Table 2,  it was not iced  t h a t  t he  crack jumps the  
S -g la sdepoxy  b u f f e r - s t r i p .  I f  the  b u f f e r - s t r i p  wid th  is increased  however, 
the  first f ibe r  break w i l l  occur i n  the  b u f f e r - s t r i p  rather than  i n  p lane  111. 
The minimum width requi red  f o r  t h i s  t o  occur i s  s i x  f iber  spacings.  The 
crack growth s t i l l  remains uns tab le .  
T a b l e  4. Normalized remote failure s t r a i n  as a func t ion  of b u f f e r - s t r i p  
width.  
From Table 4, it appears  tha t  s i x  f i b e r  spac ings  is the  optimum width .  
Note t h a t  i n  t h e  above a n a l y s i s  a cons tan t  s p l i t - l e n g t h  was used. 
s e n s i t i v i t y  a n a l y s i s  was c a r r i e d  ou t  t o  i n v e s t i g a t e  t he  effects  of the  l e n g t h  
A 
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of the s p l i t  a t  the i n t e r f a c e  on t h e  normalized remote f a i l u r e  s t r a i n .  These 
r e s u l t s  are shown i n  Figure 8 f o r  the  case  of twenty f ibers between t h e  
b u f f e r - s t r i p s  and f i v e  f iber-spacings wide b u f f e r - s t r i p s .  After a r easonab le  
l e n g t h  of s p l i t  occurs  t he  remote f a i l u r e  s t r a i n  becomes nea r ly  c o n s t a n t  w i t h  
an i n c r e a s e  i n  s p l i t  l eng th .  A r a p i d  inc rease  is observed only during ear ly  
s p l i t  growth. Therefore ,  it appears  reasonable  t o  conclude t h a t  the r e s u l t s  
based on a c o n s t a n t  s p l i t  l eng th  of a = 1 . 6  g i v e  a good measure of t h e  
laminate  behavior .  
EFFECTS OF DEBONDING:  
Debonding i n  a bu f fe r  s t r i p  laminate  f o r  t he  c a s e  where s p l i t t i n g  is not  
p r e s e n t  g i v e s  a maximum i n c r e a s e  i n  t h e  remote f a i l u r e  s t r a i n  of 8-12%. T h i s  
maximum i n c r e a s e  occurs  f o r  a debonding w i d t h  of two-to-three f ibe r  spac ings  
and is independent of t h e  i n i t i a l  crack length.  The same behavior was found 
f o r  an  a l l  Graphite/epoxy laminate  i n  [81. 
The computational time requ i r ed  t o  determine t h e  remote f a i l u r e  s t r a i n  
i n c r e a s e s  f o u r - f o l d  f o r  the  case where debonding as w e l l  as s p l i t t i n g  is 
considered.  Also, t he  s t o r a g e  space required t o  run the  program is out-of- 
limits f o r  the  IBM 3081 computer. Hence, a p r e d i c t e d  remot2 f a i l u r e  strair .  
f o r  such cases is c a l c u l a t e d  on t h e  basis of t h e  r e s u l t s  of t he  case where 
s p l i t t i n g  is n o t  p re sen t .  
COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS: 
An a t t e m p t  is made t o  p r e d i c t  t h e  remote f a i l u r e  s t r a i n s  f o r  the  
l amina te s  tes ted i n  C5l. 
t h e  geomet r i ca l  and physical  p r o p e r t i e s  of t h e  l amina te  of r e f e r e n c e  C14l i n  
t h e  model, the  following r e s u l t s  are obtained. 
Using t h e  equ iva len t  f i be r  spacing of 2.6ms and 











































Table 5. Experimental  and Ana ly t i ca l  Remote F a i l u r e  S t r a i n s  o f  Buffer- 
S t r i p  Panels  w i t h  Arrested Fractures 
I Normalized remote I 
0.581 0.571 
0.655 0.652 
0.540 1 0.516 0.389 0.384 
t b / t a  = r a t i o  of th ickness  of bu f fe r - s t r ip  t o  t he  replaced 
Graphite/epoxy p l i e s ,  
Wa = arrested crack l e n g t h  (mms), 
wb = width  of bu f fe r  s t r i p  ( m m s ) .  
Results are given next t o  i n d i c a t e  t h e  e f f e c t s  of  b u f f e r - s t r i p  m a t e r i a l ,  
s p l i t t i n g ,  and debonding f o r  t h e  t y p i c a l  case of a 1 3 m m  wide S-glass/epoxy 
b u f f e r - s t r i p s  (one-for-one replacement) placed 5lmms apar t ,  as compared t o  an  
a l l  Graphite/epoxy laminate.  
EXPERIMENTAL RESULTS TAKEN FROM C5] 
E W  
Net s e c t i o n  (unnotched) of Gr/ep. without b u f f e r - s t r i p s ,  - = 1 .oo 
u l  t € 
€W 
51 mms crack i n  Gr/ep. without b u f f e r - s t r i p s ,  - = 0.244 
u l  t E 
E W 
5lmms crack i n  Gr/ep. w i t h  bu f fe r - s t r ip s ,  - = 0.580 










Net s e c t i o n  (unnotched) of Gr/ep. without buff er-strips,  - = 1.00 








s p l  i tti ng . 
Table 6. Ana ly t i ca l  results f o r  normalized remote fa i lure  s t r a i n s  f o r  
d i r f e r e n t  combinations of debonding and s p l i t t i n g  i n  a b u f f e r - s t r i p  
1 aminate. 
NO BUFFER-STRIP : 





WITH BUFFER-STRIP : 





The i n c l u s i o n  of the b u f f e r - s t r i p  a lone then  i n c r e a s e s  the normalized 
f a i l i n g  s t r a i n  from 0.245 t o  0.424. S p l i t t i n g  a t  t h e  i n t e r f a c e  g ives  a 
fur ther  i n c r e a s e  t o  0.571 and adding debonding g ives  a p red ic t ed  normalized 
f a i l u r e  s t r a i n  of 0.585. Th i s  g ives  a t o t a l  i n c r e a s e  of 0.340 (0.585-0.245) 
i n  t h e  normalized remote f a i l i n g  s t r a i n .  O f  t h i s  i n c r e a s e ,  53% is due t o  the  
*The in f luence  of debonding was approximated, based on the results Of no 
s p l i t t i n g  as  previous ly  d iscussed .  
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inclusion of buffer-strips, 43% due to longitudinal splitting and 4% due to 
debonding. While these results are for a particular laminate, it appears 
that the general trend of relative importance of the different controlling 
mechanisms is valid. 
CHAPTER I V  
CONCLUSIONS 
A shear - lag  model was used t o  s tudy t h e  e f fec ts  of b u f f e r - s t r i p  
material, number of b u f f e r - s t r i p  p l ies ,  spacing and width of  b u f f e r - s t r i p s ,  
l o n g i t u d i n a l  matrix s p l i t t i n g ,  and debonding a t  t h e  i n t e r f a c e ,  on the  remote 
f a i l u r e  s t r a i n s  and f r a c t u r e  growth c h a r a c t e r i s t i c s  of composite laminates .  
The r e s u l t s  were compared w i t h  the experimental  i n v e s t i g a t i o n  C51 where 
Graphite/epoxy lamina tes  wi th  b u f f e r - s t r i p s  p a r a l l e l  t o  the  loading d i r e c t i o n  
were tested under uniform t e n s i l e  s t r a i n  i n  t h e  presence of an i n i t i a l  
t r a n s v e r s e  c rack .  The fol lowing were the s i g n i f i c a n t  r e s u l t s  of  the  s tudy:  
( 1 )  B u f f e r - s t r i p s  a r r e s t e d  f r a c t u r e  except when t h e  i n i t i a l  crack was 
small and t h e  corresponding crack i n i t i a t i o n  loads  were high. I n  
gene ra l  the r e s i d u a l  s t r e n g t h  increased  s i g n i f i c a n t l y  when the 
b u f f e r - s t r i p  pane ls  were used t o  a r r e s t  f r a c t u r e .  
(2 )  For a crack l eng th  of twenty f i b e r s ,  t h e  r e s i d u a l  s t r e n g t h  a f t e r  
crack arrest  i n  a Graphite/epoxy lamina te  w i t h  S-glass b u f f e r - s t r i p s  
was about 2.4 times t h e  r e s i d u a l  s t r e n g t h  of an a l l  Graphite/epoxy 
lamina te  with t h e  same i n i t i a l  crack l eng th .  
(3)  The optimum aspect r a t i o  f o r  S-glass/epoxy b u f f e r - s t r i p s  was about 
4 : l .  
(4 )  S-glass  b u f f e r - s t r i p s  cont r ibu ted  more than 50% of t h e  inc rease  i n  
t he  remote f a i l u r e  s t r a i n .  
(5 )  S p l i t t i n g  a t  t he  i n t e r f a c e  accounted f o r  about 40% of t h e  inc rease  
i n  t h e  remote fa i lure  s t r a i n .  
( 6 )  Debonding t y p i c a l l y  represented l e s s  t han  10% of the  inc rease  i n  t h e  
remote f a i l u r e  s t r a i n .  
( 7 )  The remote f a i l i n g  s t r a i n  was no t  very s e n s i t i v e  t o  the l o n g i t u d i n a l  
mat r ix  s p l i t  l ength .  
(8 )  A two-for-one S-glass/epoxy b u f f e r  s t r i p  replacement gave an 
a d d i t i o n a l  i nc rease  i n  the remote f a i l i n g  s t r a i n  of about 20%. 
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